High-resolution x-ray diffraction is a valuable nondestructive tool for structural characterization of semiconductor heterostructures, and the diffraction profiles contain information on the depth profiles of strain, composition, and defect densities in device structures. Much of this information goes untapped because the lack of phase information prevents direct inversion of the diffraction profile. The current practice is to use dynamical simulations in conjunction with a curve-fitting procedure to indirectly extract the profiles of strain and composition. These dynamical simulations have been based on perfect, dislocation-free laminar crystals, rendering the analysis inapplicable to structures having dislocation densities greater than about 10 6 cm À2 . In this work we present a dynamical model for Bragg x-ray diffraction in semiconductor device structures with nonuniform composition, strain, and dislocation density, which is based on the Takagi-Taupin equation for distorted crystals and accounts for the angular and strain broadening of dislocations. We show that the x-ray diffraction profiles from ZnS y Se 1Ày multilayers and superlattices are strongly affected by the depth distribution of the dislocation density as well as the composition, suggesting that it should be possible to extract the profiles of composition, strain, and dislocation density by the analysis of measured diffraction profiles.
INTRODUCTION
High-resolution x-ray diffraction measurements allow determination of depth profiles of strain, composition, and defect densities in device structures. Dynamical [1] [2] [3] [4] [5] [6] and kinematical [7] [8] [9] [10] [11] simulations have been used in conjunction with a curve-fitting procedure to extract the profiles of strain and composition, but are based on perfect, dislocation-free laminar crystals, and this renders the analysis inapplicable to mismatched structures with dislocation densities greater than 10 6 cm À2 . Krivoglaz and Ryaboshapka 12 and Levine and Thomson 13 have analyzed the line profiles of Bragg peaks from crystals containing straight, parallel screw dislocations with precisely known atomic displacements. Though their treatment is mathematically rigorous, it is not possible to determine all of the atomic displacements in a real crystal containing a dislocation network with a diversity of configurations. For this reason we consider the ensemble of dislocations in a defected semiconductor heterostructure to be described by characteristic distributions associated with the ensemble-average angular and strain broadening of the Bragg profiles by the dislocations. This approach is quite general, but for its application here we have considered the specific case of Gaussian distributions to calculate the Bragg diffraction profiles from semiconductor structures with nonuniform strain, composition, and dislocation density. Because it has been shown in previous work that curve-fitting to dynamical simulations allows extraction of the strain profiles in semiconductor heterostructures, we focused on the dislocation density and composition profiles in this research. Therefore, to simplify their interpretation, we present results for unstrained structures, but it is important to note that the general conclusions still hold in the case of strained structures.
THEORY
Calculation of the rocking curve for an arbitrary semiconductor heterostructure is based on the solution of the Takagi-Taupin equation 4-7 for dynamical diffraction,
where X is the complex scattering amplitude and g is the deviation parameter. To apply the TakagiTaupin equation, a graded or multilayered semiconductor structure is divided into a number of sublayers, each of which is assumed to have uniform properties. 4 The substrate is considered to be an infinitely thick, perfect crystal, for which the solution of the Takagi-Taupin equation is described by the Darwin-Prins formula
where the deviation parameter for the substrate is given by
where h BS is the Bragg angle for the substrate and h is the actual angle of incidence on the diffracting planes, F 0S , F HS , and F HS are the substrate structure factors for the 000, hkl, and h k l reflections, respectively, C is the polarization factor, and C ¼ r e k 2 =ðpVÞ; where r e is the classical electron radius, 2.818 9 10 À5 Å , k is the x-ray wavelength, and V is the unit cell volume. The solution of the Takagi-Taupin equation for the laminar structure of epitaxial sublayers is given by a recursion formula; 4 for the nth layer in the stack, the scattering amplitude at the top X n is related to the scattering amplitude at the bottom X nÀ1 by
where
and
g n is the deviation parameter, and the thickness parameter is
where h n is the thickness and F 0n , F Hn , and F H n are the structure factors for the nth sublayer. If a dislocated sublayer exhibits variations of orientation and interplanar spacing with angle-scale distributions P a (h) and P e (h), respectively, the same solution is applicable with the effective deviation parameter given by
The approach described by Eqs. 4-8 is quite general, but for its application here we have considered the specific case of Gaussian profiles for the anglescale distributions associated with the variations of orientation and interplanar spacing. By a treatment based on the mosaic block model of the defected structure, it has been shown 15 that the distribution P a (h) may be modeled by a Gaussian profile given by
where the standard deviation is
D is the dislocation density, and b is the Burgers vector for the dislocations. It has also been shown, on the basis of the mosaic block model, that for a symmetric reflection from a (001) semiconductor heterostructure with 60°dislocations the distribution
P e (h) may be modeled as a Gaussian profile 16, 17 given by
for which the standard deviation is
Although we have considered Gaussian distributions in this study, the dynamical model presented above may be readily applied using other anglescale distributions, which could be determined either experimentally or by use of the Krivoglaz and Ryaboshapka 12 theoretical framework with assumed dislocation structures.
RESULTS AND DISCUSSION
In this work we applied the dynamical model for Bragg diffraction from nonuniform semiconductor structures as outlined in Eqs. 4-8 to calculate the 004 diffraction profiles for ZnS y Se 1Ày /GaAs (001) heterostructures. The wavelength was assumed to correspond to Cu K a1 radiation (k = 0.1540594 nm). The material parameters used in this work are summarized in Table I . a is the relaxed lattice constant, h B is the 004 Bragg angle for unstrained material, V is the unit cell volume used for the calculation of the structure factors, and F 0 , F H , and F H are the structure factors for the 000, 004, and 004 reflections, respectively. For mixed ZnS y Se 1Ày crystals, linear interpolation was used to estimate the relaxed lattice constant and atomic scattering factors for the calculation of the structure factors. Simulations with nonuniform dislocation density were broken up into 21 sublayers. To account for typical instrumental effects, all rocking curves were convolved with a Gaussian instrumental broadening function with a 20 arcsec full-width at half-maximum (FWHM), which corresponds to a standard deviation of 8.5 arcsec.
First we considered a 1.0-lm uniform layer of ZnSe/GaAs (001) with D = 2 9 10 7 cm À2 . Figure 1 shows the 004 diffraction profile for this sample as-calculated (bottom) and after convolution (top) with a 20-arcsec Gaussian profile to account for typical instrumental effects. The as-calculated diffraction profile exhibits complex structure associated with dynamical effects in the defected epitaxial layer, especially the series of interference fringes (Pen- 20, 21 Convolution with such an instrumental broadening function tends to obscure the interference fringes, but the asymmetry of the profile may still be observed as illustrated in Fig. 1b . For greater clarity all subsequent diffraction profiles reported in this work have been convolved with a 20-arcsec Gaussian distribution to account for typical instrumental effects associated with characterization of ZnS y Se 1Ày /GaAs (001) epitaxial structures.
Next we considered 1.0-lm uniform layers of ZnSe/GaAs (001) with various dislocation densities. As illustrated in Fig. 2 , the width of the ZnSe 004 profile increases monotonically as the dislocation density is increased from 0 cm À2 to 2 9 10 7 cm À2 . The observed FWHM values (60 arcsec, 74 arcsec, and 100 arcsec for dislocation densities of 0.6 9 10 7 cm À2 , 1 9 10 7 cm
À2
, and 2 9 10 7 cm À2 , respectively) are in fair agreement (within 20%) with the square law expected from an approximate analysis of a uniform layer with uniform dislocation density as described by Gay et al. 15 However, an important advantage of the present model is the ability to analyze structures with nonuniform dislocation a is the relaxed lattice constant, h B is the 004 Bragg angle for unstrained material, V is the unit cell volume used for the calculation of the structure factors, and F 0 , F H , and F H are the structure factors for the 000, 004, and 004 reflections, respectively. For mixed ZnS y Se 1Ày crystals, linear interpolation was used to estimate the relaxed lattice constant and atomic scattering factors for the calculation of the structure factors. density for which the Gay, Hirsch, and Kelly model is inapplicable.
To understand how the profile of the dislocation density affects the diffraction from a uniform-composition layer, we calculated 004 diffraction profiles from 1.0-lm ZnSe/GaAs (001) layers with linear variations in dislocation density from D 1 at the substrate interface to a value D 2 at the surface. Figure 3 ). For reference, (a) shows the diffraction profile for the dislocation-free case. Even though the structures with the dislocation density profiles (b-e) have the same average dislocation density, the diffraction profiles are strongly affected by the distribution of dislocations in the material. The peak intensity, width, and shape are all influenced by the distribution, suggesting that it should be possible to extract its form by curve-fitting to a measured rocking curve.
Given this result, we wanted to find out if this would also be true for structures having nonuniform composition. To answer this question, we calculated the 004 diffraction profiles for 0.4-lm ZnS 0. 16 ). As before, the value of D 1 corresponds to the interface and D 2 corresponds to the surface. For reference, we have included the diffraction profile for the dislocationfree structure with the same compositional profile (a). For the structures with dislocations, the diffraction profile varies with the dislocation distribution even though the average dislocation density is fixed at 1 9 10 7 cm
. In principle, we can therefore distinguish between the various distributions on the basis of experimental measurements.
Superlattices represent a special type of multilayer structure which is of importance for device applications and growth characterization experiments, and it is therefore of great interest to determine the relationship between the dislocation distribution and the superlattice rocking curve. We have found that ZnS y Se 1Ày superlattices on GaAs (001) substrates exhibit rather complex diffraction behavior with nonuniform dislocation distributions, even using simple linear profiles for D. It is difficult to make general conclusions regarding this behavior, 7 cm À2 , 0.5 9 10 7 cm À2 ), and (e) (2 9 10 7 cm À2 , 0). Depicted in Fig. 6 are the 004 rocking curves for the same superlattices of Fig. 5, but showing the detail of the À1 and +1 superlattice peaks. Though the structures (b-e) all have the same average dislocation density, the intensities of the À1 and +1 superlattice peaks change significantly with the dislocation distribution. In this example, we can fit the intensity ratios for the different order peaks to extract the defect distribution. This suggests that dislocation density profiling will be possible for superlattices, although more work is needed to determine whether this is true in the general case.
CONCLUSIONS
We present a new dynamical model for Bragg x-ray diffraction in semiconductor device structures with nonuniform composition, strain, and dislocation density, which is based on the Takagi-Taupin equation for distorted crystals and accounts for the angular and strain broadening of dislocations. We show that the x-ray diffraction profiles from ZnS y Se 1Ày multilayers and superlattices are strongly affected by the depth distribution of the dislocation density as well as the composition, suggesting that it should be possible to extract the profiles of composition, strain, and dislocation density by the analysis of measured diffraction profiles. In this work, we assumed Gaussian distributions for the angular and strain broadening of dislocations, but the dynamical model presented may be readily applied using other angle-scale distributions, which could be determined either experimentally or by use of the Krivoglaz and Ryaboshapka 12 theoretical framework with assumed dislocation structures.
